Abstract. Over the last two decades, significant data has been accumulated linking Glutatione S-Transferases (GSTs) with the development of several diseases. Contemporary studies have demonstrated the impact of ethnicity on GST allele frequencies. The aim is to verify if the variability of GST genes reflects population demographic history or rather selective pressures. GST genes (GSTM1, GSTO1 GSTO2, GSTT1) were analysed in three Ecuadorian populations (Cayapas, n = 114; Colorados, n = 104; African-Ecuadorian, n = 77) and compared with HapMap data. GST SNPs were determined using the PCR-RFLP method while GST null phenotype was determined using a Multiplex PCR. The population relationship achieved using GSTM1 positive/null, GSTO1*A140D, GSTO2*N142D and GSTT1 positive/null are in agreement with the data obtained using neutral polymorphisms: Amerindians are close to Asian populations and AfricanEcuadorians to African populations. To what concerns GSTO1*del155 and GSTO1*K208 variants, allele frequencies never exceeded 10%, showing no significant differences in the Ecuadorian groups and in worldwide populations. The features of GSTO1*del155 and GSTO1*K208 variants and their association with arsenic biotransformation deficiency suggest the presence of a selection mechanism towards these loci. In particular, this hypothesis is strengthened by a possible linkage between these alleles and the susceptibility of arsenic-induced male infertility.
Introduction
Common functional allelic variants that affect gene expression or protein function have become increasingly popular markers in molecular genetics [1, 2] . The Glutathione S-Transferases (GSTs) are an important enzymatic system in the cellular mechanism of detox-ification In general, GST-catalyzed reactions are considered detoxifying, thus protecting cellular macromolecules from damage caused by several environmental carcinogens [3, 4] . Over the last two decades, a significant body of data has been accumulated linking mutant expression of GSTs with the development and expression of several multifactorial diseases [5] [6] [7] [8] [9] [10] . In particular, many studies have investigated the relationship between GSTM1 and GSTT1 gene deletion polymorphisms and human health, while other GST polymorphisms (i.e. GSTO) are poorly understood and studied [3, 11, 12] .
The GSTM1 locus has been mapped on chromosome 1p13.3. Three different alleles have been identified in the locus, including gene deletion (GSTM1*0) and two SNPs (GSTM1*A and GSTM1*B) that differ by C to G substitution at base position 534. The human GSTT1 gene is 8.1 kb in length and has been mapped on chromosome 22q11.2. Three variants have been identified: the GSTT1*0 allele caused by a gene deletion and the GSTT1*B allele that differs from GSTT1*A (wt) by an A to C mutation. Subjects with at least one functional GSTM1 or GSTT1 allele are grouped into the positive conjugator types and called GSTM1-positive and GSTT1-positive, respectively. The deleted genotypes that lead to the inactive form of the enzymes are called "GSTM1-null" and "GSTT1-null". Although cytosolic GST enzymes occupy a key position in biological detoxification processes, frequencies of GSTM1 null and GSTT1 null phenotypes are relatively high in human populations with significant interethnic differences [13] .
The GST Omega class (GSTO) contains two expressed genes GSTO1 and GSTO2 and a pseudo gene GSTO3p. GSTO1 and GSTO2 are 12.5 and 24.5 kb, respectively, and lie 7.5 kb on chromosome 10q25.1. Previous studies have identified several polymorphisms in the GSTO genes [11, [14] [15] [16] . In particular, four polymorphisms in coding region have been identified in many ethnic groups (GSTO1*A140D, GSTO1*E155del, GSTO1*E208K and GSTO2*N142D) but their worldwide distribution is still far from completely understood [12] .
Since detoxification enzymes are directly involved in interactions between living organisms and their environments, it is likely that the evolution of these proteins responds to and reflects changes in environment, including diet, climate, and lifestyle. Besides the phenomenon of random mutations, possible explanations for genetic change include adaptation to new environments in regard to diet or diseases and Williamson et al. [17] demonstrated that recent adaptations are strikingly pervasive in the human genome. Identification of loci that have been targets of natural selection and thus contribute to differences in fitness between individuals in a given population is an interesting approach in population genetics, and medical genetic markers may be useful for specialists in population genetics, population history, or disease history [18, 19] .
As with other inhabitants of the Americas, the Ecuadorian population includes ethnically and genetically distinct groups besides native Ecuadorians, who make up nearly half the total population. Other groups are the Ladinos, who are descended from the Spaniards who colonized Ecuador between the 16th and 19th centuries and intermixed to various extents with the autochthonous people, and a population of African ancestry descended from slaves imported mainly from western Africa during the colonial era. For their particular history, the existing communities of Ecuador offer an excellent context for exploring population dynamics and anthropological genetics [20] . In particular, this study furnishes data on GST polymorphisms in the Cayapa and Colorado Amerindians and in an African community of north western Ecuador. The aim is to verify if the genetic variability derived from the GSTM1 positive/null, GSTO1*A140D (rs4925), GSTO1*E155del (rs11509437), GSTO1*E208K (rs11509438),GSTO2* N142D (rs156697) and GSTT1 positive/null polymorphisms, which may be influenced by selection, present the same pattern found using other neutral polymorphisms. In fact, population demographic history affects patterns of variation at all loci in a genome in a similar manner, whereas natural selection acts upon specific loci [21] . At present, no studies have hypothesized the effect of natural selection on GST gene variability. The data are particularly surprising because GST enzymes plays a key role in defense against environmental stressors. Analysing the GST gene polymorphisms in the Ecuadorian populations and comparing our data with HapMap data, we try to verify if the variability of GST genes reflects population demographic history or rather selective pressures.
Materials and methods
Peripheral blood specimens were collected by one of us (G.F.D.S.) from a total of 295 unrelated and apparently healthy individuals of both sexes, who gave their informed consent, living along the Rio Cayapas River (Cayapas, n = 114; African-Ecuadorians, n = 104) and in the villages of Chihuilpe and Cóngoma (Colorados, n = 77). The Cayapas (Chachi) and Colorados (Tsachilas) of Ecuador are Amerind language-family speakers who live in the tropical lowlands of the northwestern Pacific coast of Ecuador and are two of the last aboriginal groups in this area [22] . The AfricanEcuadorians, who account for a small percentage of the Ecuadorian population, live along the northern coast in the Esmeraldas province and in the northern highlands of the Chota River valley. The first clearly documented evidence of African settlements in Ecuador dates back to the middle of the 16th century, when a slave ship was reported to have run aground near the present town of Esmeraldas in 1553. Historical evidence shows that population intermixture has played a decisive role in the formation of the Ecuadorian people. Previous demographic and genetic studies, based on several markers, strongly supported this statement [23] .
Each donor was asked to supply name, birthplace, language and ethnicity for 3 generations, in order to allow us to determine the extent of recent admixture. 5-10 ml of blood was drawn into sterile tubes containing acid citrate-dextrose anticoagulant, frozen in liquid nitrogen and then stored at −80
• C until DNA was extracted [24] .
Genotyping of GSTM1 and GSTT1 genes was carried out by a multiplex PCR reaction [25] , which permits discrimination of a null phenotype (GSTM1 or GSTT1 gene deletion in homozygous status) and a positive phenotype (homozygous wild type genotype or heterozygous genotype). The GSTO1*E155del polymorphism was determined using the confronting two-pair primer method [26] . This procedure permits discrimination simultaneously of the del155 allele and the E155 allele using two different pairs of primers. 10 ng of DNA was amplified by PCR with a DNA thermal cycler (Peltier Thermal Cycler, MJ PTC-100, Celbio, Italy). The reaction mixture contained 1X buffer, 2 mM MgCl2, 0.25 mM of each primer, 250 mM dNTPs and 1U of Taq polymerase (Fisher Molecular Biology, Trevose, PA, USA; MWG-Biotech AG, Ebersberg, Germany). The PCR protocol included an initial melting temperature of 94
• C (4') followed by 27 cycles of amplification (1' at 94
• C, 30" at 57.3
• C and 1' at 72 • C). A final 7' extension step (72
• C) terminated the process. The GSTO1*A140D and GSTO2*N142D polymorphisms were determined using the PCR-RFLP method [27] : each PCR amplification was performed in 10 ng genomic DNA, with the PCR mixtures consisting of a 1X PCR buffer, 2 mM MgCl2, 0.25 mM of each primer, 250 mM dNTPs and 1 U of Taq polymerase (Fisher Molecular Biology; MWG-Biotech AG). After an initial denaturation at 94
• C for 4', amplification was performed by denaturation at 94
• C for 1', annealing at 54.3
• C or 58
• C (respectively for GSTO1 and GSTO2 polymorphisms) for 1' and extension at 72
• C for 1' for 27 cycles, followed by a final extension at 72
• C for 7'. The PCR products were further digested with Cac8I and MboI restriction enzymes for GSTO1*A140D and GSTO2*N142D, respectively (New England Biolab, Hertfordshire, UK). To detect the GSTO1*E208K variant, an allele-specific PCR was carried out [28] : each PCR amplification was performed in 10 ng genomic DNA, using the PCR mixture consisting of a 1X PCR buffer, 2 mM MgCl2, 0.25 mM of each primer, 50 mM dNTPs and 1 U of Taq polymerase (FisherMolecular Biology;MWG-Biotech AG). The reverse primer GSTO1*E208K-R was used together with the forward primer GSTO1*E208-F (wild-type) or the forward primer GSTO1*K208-F (mutant) in parallel reactions. After an initial denaturation at 94
• C for 5', amplification was performed by denaturation at 94
• C for 1', annealing at 53
• C for 1' and extension at 72
• C for 1' for 35 cycles, followed by a final extension at 72
• C for 10'. The genotypes were defined by different electrophoretic bands as described in our previous studies [9, 12] .
Statistical analysis was carried out using SPSS software (version 15.0 for Windows, Chicago, IL, USA). Allele frequencies were computed by the genotypecounting method. Hardy-Weinberg equilibrium was evaluated using the chi-square (X 2 ) test. Allelic differences among Ecuadorian populations were tested by means of the X 2 test. GST allelic frequencies in worldwide populations were compared using correspondence analysis. Coefficients of pairwise LD (D') among GSTO gene polymorphisms were estimated using Haploview version 4.2 [29] . Table 1 presents genotype and allele frequencies of GST gene polymorphisms. Genotype distribution was consistent with Hardy-Weinberg expectations for all loci and samples.
Results
Comparing Amerindian populations, the greater differences in the GST gene pattern are the frequencies of the GSTM1 and GSTT1 null phenotypes (p < 0.05) whereas no main variations are present for GSTO gene polymorphisms. Conversely, the African-Ecuadorians show considerable difference in GSTO2*D142 allele frequency with respect to Amerindian populations (p < 0.05). No significant differences are highlighted in all Ecuadorian populations for GSTO1 gene polymorphisms.
To understand the observed GST gene variability in the analyzed populations, we matched our results with those reported in previous studies for different ethnic groups that are available on HapMap website (http://hapmap.ncbi.nlm.nih.gov). The comparisons between our findings and HapMap data show an interesting situation. Except for GSTO1*E155del (21) and GSTO1*E208K, the GST allele frequencies show significant inter-population differences, according to their geographical origin. A different range of GSTM1 null frequencies was observed for populations of African (20 to 32%), Asian (32 to 50%) and European origin (55 to 59%). In African-Ecuadorians and Colorados, the GSTM1 null frequency fits with the frequencies found in the Africans and Asians, respectively. Cayapas show a GSTM1 null frequency lower than those found in Asian origin populations. The GSTO1*D140 allele frequencies observed in the African-Ecuadorians are similar to African frequencies, ranging from 4% to 21%, whereas Cayapas and Colorado Amerindians show GSTO1*D140 allele frequencies lower than those found in Asians, ranging from 15% to 20%. In the European origin population, the GSTO1*D140 allele shows frequencies higher than those observed in Africans and Asians, ranging from 34% to 37%. GSTO1*E155del and GSTO1*E208K mutation frequencies never exceeded 10%, with no significant differences among worldwide populations. For GSTO2*N142D, similar allele frequencies were observed in Europeans and Asians: in the Asian populations, the D142 allele frequency (22 to 33%) was slightly lower than in the European populations (38 to 39%). By contrast, the D142 allele frequency of the African origin population was higher, ranging from 67% to 86%. In Cayapa and Colorados, the D142 allele frequencies are lower than those found in Asians, whereas the African-Ecuadorians fit within the range of values found in African populations. Regarding to the GSTT1 null phenotype, Cayapa and Colorado Amerindians show frequencies lower than those found in the Asian population (19 to 41%), while African-Ecuadorians fall within the range of variability observed in African populations (15 to 35%).
Correspondence analysis performed on GST allelic frequencies shows diversity among worldwide populations and distinguishes three main clusters: a cluster including European samples, another cluster consisting of Asian populations and a third cluster comprising African populations (Fig. 1) . In accordance with their ancestry, Cayapas and Colorados are included in the "Asian" cluster and African-Ecuadorians in the "African" cluster. The GSTO1*del155 and GSTO1*K208 alleles show very low frequencies in different ethnic groups and people with both variants were identified. Sixteen Cayapa individuals present the Glu155 deletion and fifteen are also heterozygous for the Glu208Lys change. Eight of nine Colorados with the Glu155del present the double variant genotype and seven of ten African-Ecuadorians with both variant alleles were identified. In order to investigate LD among all GSTO gene polymorphisms, plots were constructed for the analyzed populations (Fig. 2) . In all groups, E155del and E208K polymorphisms are in high LD (D' value 0.86 to 1.00). LD is comparatively much lower between the other genetic polymorphism pairs for all three populations. As previously hypothesized for other ethnic groups [12, 16, 28, 30] , our result may confirm the linkage in the GSTO1 gene with E155 deletion and E208K substitution in these Ecuadorian populations.
Discussion
The GSTs are key regulators of drug and toxin clearance. Alleles of GST genes have been known for more than a decade and several disease association studies have been conducted on these polymorphisms. At present few researches have investigated the role of selection on GST genes and/or the potential role of GST gene polymorphism in the process of adaptation.
Our research determined the genetic variability of GSTs in three Ecuadorian populations to test if the evolution of these xenobiotic-metabolism genes reflects population demographic history or rather selec- tive pressures. For this reason, we analyzed the interethnic differences in these genetic markers in populations of anthropological interest using the HapMap populations as references.
The comparison between the present findings and HapMap data strengthen an interesting hypothesis: for almost all GST gene polymorphisms analyzed in this study (GSTM1 positive/null, GSTO1*A140D, GSTO2*N142D and GSTT1 positive/null), differences among human populations are probably due to their ethnogenesis. In fact, the population relationships obtained using these genetic markers are in agreement with the result obtained by neutral polymorphisms: Cayapa and Colorado Amerindians are close to Asian populations and African-Ecuadorians are close to African populations, in accordance with their origins. Therefore, it is plausible that in these GST gene polymorphisms differences could be due to a different demographic history and/or to a founder effects. This hypothesis could be confirmed by observing different frequencies of GSTM1 and GSTT1 null phenotypes between Cayapas and Colorados. Indeed, this result agrees with previous studies that investigated GSTT1 and GSTM1 gene polymorphisms in worldwide populations [13, 31] . Genetic diversities among Amerindians are observed for the frequencies of GSTM1 and GSTT1 gene deletion polymorphisms, probably due to the particular history of these populations. Regarding GSTO2*N142D, African-Ecuadorians differ significantly from Cayapas and Colorados, as do African origin from Asian origin populations, while for GSTO1*A140D, the three analyzed ethnic groups do not show significant differences like the African and Asian origin populations.
A different conclusion can be reached for GSTO1* E155del and GSTO1*E208K polymorphisms: the mutation frequencies are low, with no significant interethnic differences and LD is high both in previous population studies and in the studied communities of Ecuador. These features demonstrated that demographic population history does not affect patterns of variation in these polymorphisms, instead natural selection may have acted upon these loci.
Considering the effects of these allelic variants on the GSTO1-1 enzyme, deletion of E155 in exon 4 and E208K substitution in exon 6 are thought to be related to significant changes in GSTO1-1 activities with an important decrease in enzyme stability [11, 15, 16, 32] . In vitro, GSTO1-1 has been shown to catalyse the reduction steps in the arsenic biotransformation pathway: dimethylarsinic acid (DMA V ) reductase and monomethylarsonic acid (MMA V ) reductase [14] . Several studies have highlighted that GSTO1*del155 and GSTO1*K208 variants are related to deficiencies in arsenic biotransformation process [5, 14, 33] , but some authors not confirm this association [28, 30] . The contrasting results might be due to the hypothesis that each step of the biotransformation of inorganic arsenic has an alternative enzyme to biotransform the arsenic substrate [34] . However, Chowdhury and colleagues [34] have observed a large decrease in MMA V reducing activity in some tissues (urinary, bladder, testes, brain, liver, skin, and lungs) of the GSTO1 Knockout mice. Therefore, it is possible to suppose that GSTO1*del155 and GSTO1*K208 variants are involved in deficiencies of the arsenic bio-transformation process in some human tissues.
The role of the arsenic biotransformation process may significantly enhance the cytotoxic and carcinogenic risk of arsenic exposure [35] . Exposure to arsenic in the workplace and in the environment has been associated with numerous adverse health effects. Acute exposures to high doses of arsenic often produce gastrointestinal disturbances, central and peripheral neurotoxicity, bone-marrow suppression, and hepatic toxicity [36] . Chronic exposure to lower doses of arsenic resulted in skin lesions, peripheral neuropathy, cardiovascular disease, several types of cancer and reproductive toxicity [36] [37] [38] . Arsenic is an ubiquitous metalloid in the crust of the earth, and human exposure to inorganic arsenic is mainly through ingestion of drinking water contaminated with naturally occurring arsenic [39] . Arsenic occurrence and mobilization take place through a combination of natural processes (e.g., weathering reactions, biological activity, volcanic emissions, etc.) [40] . In addition, Arsenic releases from anthropogenic activities (nonferrous metal mining and smelting, pesticide and herbicide use, wood preserving, coal combustion, and waste incineration) may be an important source of environmental contamination [41] . To date there are no data on arsenic exposure in the Ecuadorian environment but several studies have highlighted that the high volcanic mountains of the Andes are a source of naturally occurring arsenic for all countries of Latin America [40] . Since arsenic is found naturally in the environment, all individuals are exposed to some arsenic by eating food, drinking water, or breathing air [36] . Therefore it is plausible hypothesized that all human populations are exposed to environmental arsenic.
The worldwide distribution of GSTO1*E155del and GSTO1*E208K and their involvement in arsenic biotransformation suggest that these two genetic variants could be associated with negative traits linked to environmental arsenic. We know that natural selection on genetic traits occurs when the variation in traits is correlated with the variation in fitness. Evidence for the adaptive status of a trait would require evidence of differential fertility or mortality dependent on a particular genetic difference [42] . The adverse health effects induced by environmental arsenic are associated with serious pathological conditions. Among these, arsenic-induced male infertility could represent the strongest negative selective pressure associated with GSTO1*K208 and GSTO1*del155 variants. Different studies have highlighted that arsenic is associated with male infertility even at environmental exposure levels [43] [44] [45] .
At the present, the potential effects of genetic polymorphisms that modulate the arsenic biotransformation, such as GSTO1 polymorphisms, on reproductive outcomes have not been investigated. Nevertheless, Wirth and Mijal [44] have already hypothesized that GSTO1 could be a marker of susceptibility for reproductive toxicity induced by environmental arsenic. This hypothesis could explain the presence of low mutation frequencies for GSTO1*E155del and GSTO1*E208K polymorphisms in different ethnic groups: the presence of a relationship between these polymorphisms and human reproduction outcomes could justify the existence of natural selection mechanisms on the GSTO1 locus. Moreover, the high LD among E155del and E208K polymorphisms may suggest that these genetic markers have a combined effect on the GSTO1-1 enzyme, but to date no studies have investigated this hypothesis.
In conclusion, this study provides significant information on the variability of GST gene polymorphisms in worldwide populations. As previously hypothesized, different patterns are present in African, Asian and European populations for almost all GST polymorphisms analyzed, proving that population demographic history affects the genetic variability of these loci. However, the association between these genes and the susceptibility to certain diseases could explain the prevalence and incidence variability of multifactorial diseases in human populations. Further studies on the population relationships and the genetic variability of medical markers, such as GSTs, could explain the relationship between ethnicity and disease risk. The present data on GSTO1*E155del and GSTO1*E208K, however, demonstrated that population demographic history did not affect the genetic variability of these markers, highlighting the hypothesis of the presence of selective mechanisms in these GST loci. This statement is particularly interesting because of the lack of studies suggesting the action of natural selection on the GST genetic diversity among human populations.
